I deal in this review with behavioral and developmental aspects of arm movements aimed at targets in immediate extrapersonal space. In addition, neural mechanisms that may subserve this function are discussed on the basis of neuronal recording and brain lesion studies. However, this is not a comprehensive review of each subject; thus, no exhaustive references are given, nor is a detailed tracing of the history of ideas underlying moderñ studies attempted. These subjects can be found in specialized articles within each of the separate subfields considered above. Moreover, anatomical findings are not discussed. These as well as other topics related to certain aspects of cerebrocortical mechanisms subserving reaching movements were reviewed previously by Humphrey (1979) .
THE AIMED MOVEMENT DISSECTED
Arm movements aimed at targets in space typically involve motion at the shoulder and elbow joints. If the movement is directed to a graspable object, additional motion at the wrist and finger joints may occur to preshape the hand and prepare it for grasping the object. In contrast, if the subject directs a tool to an object, the sequence may be reversed. The concomitant motion about the shoulder and elbow joints is basic in both cases for the transport of the hand and/or tool to the desired point in space. These motions result from the application of torques generated about each joint by the contraction of muscles. The muscles activated and the temporal course of the intensity of their contraction will depend on the movement trajectory in space, the velocity of the movement, and the magnitude and direction of fixed or changing external loads. Regarding the torques, one has to consider gravitational, inertial, and Coriolis forces, especially at higher velocities (Soechting & Lacquaniti 1981 , Hollerbach & Flash 1982 . The relations between the temporal pattern of these torques and the trajectory of the hand are complicated even for two-dimensional hand trajectories (Hollerbach & Flash 1982) . This is true both for deriving the trajectory given the torques (integral kinematics) or the torques at each joint given the trajectory (inverse kinematics). Inverse kinematics for unrestrained threedimensional (3-D) arm movements are almost intractable (Saltzman 1979) . The muscle patterns underlying the performance of aimed movements differ according to the movement path and dynamics. Forward reaching movements involve primarily activation of the anterior deltoid to implement the protraction at the shoulder, and various degrees of activation of the biceps to brake the action of gravity on the extending forearm (Soechting & Lacquaniti 1981 , Murphy et al 1982 . The extension at the elbow is aided variably, or may even be produced by gravity, depending on the height of the target; accordingly, the magnitude of activation of the biceps will also vary widely (Soechting & Lacquaniti 1981) . These patterns of muscle activation pertain to forward reaching movements made at (Soechting & Lacquaniti 1981) or near (Murphy et al 1982) the sagittal plane. When the initial position of the hand and the location of the target require aimed movements in different directions, the muscles involved and the patterns of their activation are much more complicated. In an electromyographic (EMG) analysis of movements made by monkeys eight different directions on a plane tilted 15° from the horizontal toward the animal, it was found that at least ten muscles, acting on the shoulder joint and girdle, were involved (Georgopoulos et a11984) . The magnitude EMG activation was correlated significantly among several muscles, a finding that suggests that the movements were subserved by muscle synergies. These synergies differed in an orderly fashion with the direction of movement (Georgopoulos et al 1984) . We still lack a complete description of the simultaneous muscle patterns during unconstrained arm movements in 3-D space.
The complexity of the muscle patterns of activation underlying aimed and other multijoint movements arises from several factors. First, these movements are implemented by the concomitant contraction of several muscles. Therefore, a population of muscles has to be considered rather than an agonist-antagonist pair, as is usually the case for movements around joints possessing a single degree of freedom (e.g. elbow). Second, the exact contribution of each of these muscles to the torques generated at each joint in the course of the movement is often difficult to measure because the direction along which a muscle will exert its mechanical action may change during the movement. Third, a complete analysis of the muscular patterns of activity subserving these movements has to take into account the relative timing differences between the evolving contractions of the participating www.annualreviews.org/aronline Annual Reviews muscles, for such differences may affect the movement trajectory. This problem is further complicated by methodological considerations. For example, muscle activation is usually assessed using EMG methods, yet there is no general agreement concerning the relations between the EMG activity and the force exerted by the muscle. This is an especially difficult problem in the case of pinnate muscles, whose fibers do not run along the axis between the insertion points of the muscle: for an approximate assessment of the relation between the EMG activity and the force developed along that axis, and within different compartments of these muscles, the geometrical arrangement of the fibers must be considered.
CHARACTERISTICS OF AIMED MOVEMENTS

Paths and Trajectories
I shall follow Hollerbach & Flash (1982) in distinguishing between path and trajectory. Path is the sequence of positions that the hand follows in space; trajectory is the time sequence of these successive positions. Several factors can influence the shape of the paths of aimed movements, including the location of the movement path and its direction in extrapersonal space, the attachment of the hand to a manipulandum, or the restriction of motion to particular planes at the elbow and shoulder joints. These effects have not been evaluated carefully. Handpaths of unconstrained reaching movements made on the sagittal plane in the 3-D space are usually straight or slightly curved (Soechting & Lacquaniti 1981) . In general, they can be described curvilinear, with segments of different degrees of curvature. It is significant that these paths are not affected by the speed of the movement (Soechting Lacquaniti 1981) , by large, constant loads, or by changes of the effective length of the arm (Lacquaniti et al 1982) . A different invariance holds for the shape of the velocity profile of the aimed movement. It is dome-shaped and, if no emphasis on accuracy is placed, single-peaked. The curve may become slightly asymmetric with practice, with the ascending, accelerating slope steeper than the descending, decelerating slope (Beggs & Howarth 1972b ; see also Soechting 1984) . The shape of the velocity profile seems to be unaffected by the location of the movement vector in space (Georgopoulos et al 1981 , Morasso 1981 , although this has not been investigated systematically in 3-D space. In general, peak velocity increases with movement amplitude, so that the movement time tends to remain constant.
What determines the shape of the velocity profile? Probably the strategy for making the movement and the compromises in performance characteristics that this strategy entails (Nelson 1983) . First of all, a basic strategy that human and monkey subjects follow in making aimed movements is to arrive near the target with a single movement that is large, relative to the distance to be covered. Moreover, the acceleration of the movement changes continuously, so that there is no portion of the movement in which the velocity is constant. We do not know why this strategy is adopted. However, we do know that it is acquired gradually during infancy (see below) and that it breaks down in patients with Parkinson's disease. The initial reaching response of infants is composed of a series of smaller movements, and it is only later that the large amplitude, initial component develops (von I-Iofsten 1979) . In Parkinson's disease, the first movement component is too small, and a series of smaller movements is again employed by the patient to get to the target (Flowers 1975) . Nelson (1983) investigated systematically the effects of different strategies on the shape of the velocity profile. This profile is usually dome-shaped: its exact shape depends on the variable being optimized. This is illustrated in Figure 1 for a movement of a fixed duration and distance. It should be kept in mind that the variable being optimized depends on the instructions given to the subject, or, more generally, on the behavioral goal of a particular movement. It is reasonable to suppose that in everyday life there is not a sinole movement variable to be optimized, for the behavioral goals change, depending on, for example, whether one wants to catch a fly, to play the violin, or to shake hands. It seems that several criteria will be involved in each of these eases and it could be supposed that a particular movement will v(t A°o T Iz reflect these different criteria with different weights, according to the particular circumstances. These weights reflect the fact that no single factor is optimized, and, therefore, represent a compromise. Nelson (1983) called these solutions of the velocity shape problem "performance trade-offs." It will be important for future research to describe these trade-offs for different classes of movements and associate them with the behavioral goals that these movements subserve.
Accuracy
The accuracy of an aimed movement is usually referred to the target at which it is aimed. The trajectory itself is not commonly constrained, although accuracy boundaries could be placed on it as well. Fitts (1947) and Fitts Crannell (1950) investigated the accuracy of blind reaching at targets different locations in extrapersonal space. In the first series of experiments (Fitts 1947) , pilots memorized the letter-coded locations of 20 targets and reached with a pencil at a requested target while fixating a red light in front of them. The subjects did not see the target areas, which were constructed like a bull's eye, so that the accuracy of reaching could be determined directly ( Figure 2 ). It was found that the accuracy of reaching was not uniform throughout extrapersonal space. Most accurate were the movements directed straight ahead, whereas least accurate were those directed on either side, and slightly behind (Figure 3 ). In subsequent experiments (Fitts & Crannell 1950 ) these findings were confirmed, and further experiments were performed in which the initial position of the hand was varied; movements started with the hand placed on the sides rather than in front of the body. Although the movements made to targets located directly ahead were still the most accurate, reaching accuracy to other locations differed appreciably from that observed when the starting point of the movement was in front of the body. Finally, movements of smaller distance were also more accurate. These findings indicate that the starting point, the movement amplitude, and the movement endpoint all influence the accuracy of blind reaching. The relation among accuracy, direction, and extent of aimed movements in the dark were studied by Brown et al (1948) . With respect to direction, was found that aimed movements in the horizontal plane were more accurate when directed away from than toward the body. With respect to the length of the movement, two kinds of errors were distinguished: constant and variable. The former concern the location of the errors relative to the target, whereas the latter pertain to the variance of the error distribution. A range effect was observed for the constant errors. The subjects tended to overshoot the target in small movements (2.5 cm) and undershoot in large movements (40 cm), whereas in movements www.annualreviews.org/aronline Annual Reviews intermediate length no systematic effect was observed. The variable errors increased with increasing movement amplitude. This was probably due to increasing variability in the motor output that initiates larger movements (Schmidt et a1 1979) . In the case of visual aiming, errors in initial reaching are corrected by additional, smaller movements. The whole aiming response is then composed of at least two parts : an initial, large amplitude movement that brings the hand near the target, and subsequent one or more smaller amplitude movements that bring the hand to its final position. During the first movement the motions at the shoulder and elbow joints are tightly coupled and relate to the position of the target in space (Soechting 1984) . In contrast, the smaller, corrective movements affect the motion at the wrist and finger joints, and seem to relate to the angular orientation of www.annualreviews.org/aronline Annual Reviews Fi#ure 3 Sum~nary of the results of the experiment by Fitts (1947) illustrated in Figure 2 . C, and D : rows of targets (7, 7, and 6, respectively) corresponding to the three rows shown the target in space (Soechting 1984) . These corrections are probably guided visually (Beggs & Howarth 1972a) .
Movement Time and the Speed-accuracy Trade-off
The duration of the aimed movement is a behaviorally important variable, for it specifies how quickly the target will be reached. With respect to dynamics, changing the time of moving between two points involves a substantial recomputation of the joint motion dynamics. Hollerbach & Flash (1982) found that these computations could be simplified by scaling the joint torques according to the speed desired. For example, "If the velocity profile is scaled by a factor r, then simply by scaling the timedependent portion of the torque program by a factor r 2 and then adding in the gravity contribution without amplitude change, the same path will be followed but at the new speed" (Hollerbach 1982, p. 192) . It was found that human subjects seemed to adopt a strategy compatible with this sealing procedure (Hollerbach & Flash 1982) . These results suggest that the overall speed of movement could be specified at a behavioral level and implemented without an increased computational load. This would be a behavioral advantage for the subject, especially during motor learning. For example, "One might conceive of a practice strategy beginning with slow www.annualreviews.org/aronline Annual Reviews movements to learn the basic torque profiles, then simply scaling these profiles to increase the speed of movement" (Hollerbach 1982, p. 192) .
What determines the duration of the aimed movement.'? Behavioral considerations pertaining partly to the duration of the movement itself and partly to the accuracy of the movement appear important. In the absence of appreciable accuracy constraints, the duration of the movement tends to remain constant as the amplitude of the movement increases because, under these conditions, the speed of the movement increases as well. However, when accuracy constraints are present, there is a trade-off between the speed and the accuracy of the aimed movement : more accurate movements are performed more slowly, and conversely, faster movements are less accurate. This phenomenon has been studied extensively (see Keele 1981 for a review). It seems that the increase in duration of movement under conditions that require increased accuracy results from an increase in the number of corrective movements that bring the hand on the target following the large-amplitude first aiming component.
Information Transmission
Fitts (1954) applied an information-theoretical approach to the relations linking movement time, accuracy, and distance. He calculated the rate of information transmission during an aimed movement as follows:
where Ip, the index of performance, is the information transmitted in bits/s, t is the movement time, W is the target width, and A is the movement amplitude. The term -log 2 W/2A is the index of task difficulty. It is a composite measure of informational load, relating to both accuracy and distance. The upper limits of information transmitted by human subjects vary with the task (Fitts 1954 , Fitts & Peterson 1964 and decrease with increasing age (Welford et al 1969) . Two points are worth mentioning here. First, the considerations above refer to the calculation of information transmission regarding the amplitude of the movement in one dimension. It is important that this approach be extended to include the direction of movement in 3-D space as well. And second, the traditional approach treats the movement in a discrete fashion, by disregarding the time-varying movement trajectory. Yet, if it is assumed that the motor system plans the ongoing movement trajectory, an extension of this approach t° the continuous case will be needed.
DEVELOPMENT OF REACHING IN INFANCY
The capacity to reach to objects o'finterest develops gradually over a period of several months after birth. However, a rudimentary form of eye-hand www.annualreviews.org/aronline Annual Reviews coordination is present in the newborn, and it is on this background that visual reaching is established. Von Hofsten has performed recently a series of quantitative studies in infants by recording the movements of their arms using two television cameras and following the development of reaching to moving and stationary objects of interest during the first several months of life (von Hofsten 1979 , 1984 , von Hofsten & Lindhagen 1979 . The object used in those experiments was a spherical tuft made of bright red, blue, and yellow yarn. It hung down from the end of a 70 cm long rod attached to an electric motor. The distance of the object from the infant's eyes was 12 or 16 cm, depending on the infant's age. The object could be moved at different speeds (3.4, 15, or 30 cm/s) and in either direction along horizontal circular path of 140 cm diameter, with the center straight behind the infant. In the newborn (von Hofsten 1982), the slowest speed was used. In the presence of the object, there were more forward extensions than other movements, and the movements made while the neonate was looking at the object were aimed closer at the object than were other movements. Moreover, the hand slowed down near the object in the best aimed of these so-called "prereaching" movements. The frequency and form of these movements were studied longitudinally in 23 infants from the first to the sixteenth-nineteenth week of age (yon Hofsten 1984). The number prereaching movements during the presentation of the object decreased gradually, reaching a minimum at seven weeks of age, and then increased dramatically several-fold during the subsequent weeks. A concomitant change was observed in the hand posture accompanying the forward extension of the arm, from an open hand in the beginning to a fisted hand by the seventh week, and to an open hand again in the following weeks.
A detailed analysis of the forward extensions of the arm aimed at the target was performed in infants from the fifteenth-sixteenth to the thirtysixth week of age (von Hofsten 1979) . Remarkable changes in the reaching skill were observed, so that at the end of the observation period it closely resembled the adult pattern. These changes affected mostly the pattern of the reaching response. At the age of 12-16 weeks, this response consisted of a series of movements, as judged by the zero crossings in the acceleration record. About 80~ of reachings consisted of three or more successive movements. This resulted in long, fragmented movement paths and in first approaches that covered no more than 40~ of the total distance. In contrast, at 36 weeks of age the total movement path had decreased by several times and the first approach now covered more than 70~ of the total distance (Figure 4 ). The fragmentation of the response decreased. In fact, the essence of the development lay in the gradual buildup of a dominance of the first-step movement toward the target: at the end of the observation period the reaching response consisted predominantly of one forceful movement that brought the hand near the target, a pattern that resembles www.annualreviews.org/aronline Annual Reviews that observed in adults. Two additional observations are noteworthy. First, in most instances a preference for the use of the right arm was observed ; and second, the reaching performance was better to the fast-moving target (at speeds of 15 and 30 cm/s), than to the stationary or slowly-moving (at 3.4 cm/s) target. In fact, there were clear indications that some of the reaching responses were predictive in nature (von Hofsten 1980).
VISUAL GUIDANCE OF REACHING
The behavioral repertoire of reaching to a target does not consist of the arm movement alone. It is made of concomitant movements of the eyes and head toward the target. These responses are generated in parallel, for the latency of muscle (EMG) activation of the head and arm muscles and changes in the electrooculogram (EOG) are almost identical when subjects are instructed to track a visual target, when it appears, by eye, head, and hand as quickly as possible, without specifying a sequence in those movements . In contrast, the latency of the onset the movement of the eyes, head, and arm differ--that of the saccade is the shortest and that of the arm is the longest --due to the different inertial loads that have to be overcome before the movement starts. These observations concerning the simultaneous muscle activation and the rank ordering of the onset times of the eye, head, and arm www.annualreviews.org/aronline Annual Reviews movements in reaching seem to reflect a central pattern, for they were unaffected when vision of the arm was eliminated . The sequencing of movement onsets can be of particular significanc~, because the eye movement may be completed before the arm movement has even started, due to the high velocity of the saccade  A. P. Georgopoulos, J. F. Kalaska, J. T. Massey, unpublished observation in the rhesus monkey). In fact, if eye or head movements are not allowed, reaching to eccentric targets is very inaccurate (Prablanc et al 1979a) . The contribution of the eye and head movements to the accuracy of reaching is probably due to the foveation of the target and the visual monitoring of the hand movement, for allowing the saccade to occur in the absence of vision of the hand did not improve reaching accuracy at eccentric targets (Prablanc et al 1979a) . This introduces the question of visual guidance of reaching. There are at least three aspects of this problem : (a) visual localization of the target extrapersonal space and suitable coding of that information for use by the arm motor system ; (b) visual monitoring of the hand before and during its movement through space; and (c) visual adjustment of the final position the hand to touch, grasp, or retrieve successfully the object of interest. Since this review deals with reaching, I do not discuss the continuous tracking by the arm of a moving object.
The coding of absolute target position in space is a large subject that is usually treated in the context of perception rather than movement° It will suffice to mention that the perceived location of the target need not coincide with the location used by the motor system to direct the arm. This was shown, for example, in experiments in which subjects were asked to hit with a hammer targets illuminated at different positions in space during the onset of a saccade (Skavenski & Hansen 1978) . Remarkably, the subjects hit the targets accurately, despite the fact that during saccades visual perception mechanisms are suppressed (Volkmann et al 1968) and visual localization of objects in space is poor (Matin 1972) .
The monitoring of the arm and hand motion throughout the reaching movement is apparently important for accurate performance. It has been shown unequivocally that reaching is more accurate in the presence than in the absence of vision of the arm just before (Prablanc et al 1979b) and during the movement (Conti & Beaubaton 1976 , Prablanc et al 1979a , 1979b . Since this improvement was observed even for movements that were completed within 200 ms, it was proposed (Paillard 1982 ) that visual cues from arm motion are being processed at higher speeds than the times (190-260 ms) assumed necessary to utilize external visual feedback (Keele Posner 1968) .
Two visual systems have been identified that process information related www.annualreviews.org/aronline Annual Reviews to arm/hand movement during reaching (Paillard 1982 . Their contribution to the visual guidance of movement and the cues they use have been studied in experiments that allowed separate control of target and hand vision through a colored filter in normal and split-brain monkeys (Beaubaton et al 1978) . In other experiments, continuous or stroboscopic illumination was used to dissociate position cue~ from motion cues during the course of prismatic adaptation in human subjects (Paillard et al 1981) . It was found that one system utilizes central vision (8°), is facilitated by the presence of a foveated target, and analyzes positional (displacement) cues, for it is unaffected under conditions of stroboscopic illumination (Paillard et al 1981) . Presumably this system subserves the accurate placement of the hand on the target near the end of the reaching movement. The other system employs peripheral vision and analyzes motion cues, as evidenced by its impairment under conditions of stroboscopic illumination. More importantly, the motion cues that seem to be meaningful to this system are those arising from the motion of the arm when actiuely moved by the subject but not when passively moved by the experimenter (Paillard et al 1981) . These findings are consistent with earlier results that suggested that the development of visually guided reaching depends on "self-produced movement with its concurrent visual feedback" (Held & Hein 1963) . In general, the two visual systems mentioned above resemble the distinction made previously by Trevarthen (1968) . Paillard (1982) has summarized the implications of these findings follows. Three aspects of visual information are utilized in reaching. The first concerns the visual localization of the target in space. Although this information can be restricted to one hemisphere, it can be effectively used to trigger reaching by either arm. The second piece of visual information concerns the relative position of hand and target; and the third comes from the motion of the limb across the visual fields. The last two cues are processed most efficiently by the hemisphere contralateral to the moving arm (Beaubaton et al 1978) .
PLANNING OF REACHING
Reaching as a behavioral act is the result of a complex sensorimotor coordination. Reaching itself is a complicated multijoint movement directed to a defined point in space and performed under behavioral and biomechanical constraints. In self-paced, cyclical tasks in which alternate reaching movements are performed between two targets, the planning, initiation, and execution of successive movements will overlap partially in time. In contrast, in reaction tasks in which, for example, a fast aiming movement has to be made in response to a stimulus, it can be assumed that a www.annualreviews.org/aronline Annual Reviews good part of the planning process happens during the reaction time (RT). Several aspects of this process have been studied successfully using RT paradigms. The basic assumption is that the duration of the RT reflects the difficulty in generating a response, given a certain stimulus. The least complicated case is that of a simple RT task, in which a response (e.g. movement of the hand) is required as soon as a stimulus is presented. In contrast, in choice RT tasks the response is contingent on a decision concerning specific attributes of the stimulus. For example, given a set of two responses (e.g. movement of the left or right hand) and two stimuli (e.g. a blue and a red light), a choice RT task could be as follows: "Move the right hand in response to the blue light, and the left hand in response to the red light." Choice RT increases with the number of alternatives (N) involved decision making; choice RT is a linear function of stimulus uncertainty (log2 N) (Hick 1952) . Is the RT of a movement aimed at a target a simple or a choice RT? It is not a simple RT because the response is constrained by the location of the stimulus (see also Prablanc et a11979a), but if it is a choice RT, what are the alternative choices? Assuming that the movement starts from the same point in space and is of constant amplitude and accuracy, it is reasonable to suppose that the alternatives will be determined by the number of targets presented in a task, for each target specifies a different movement. Yet, remarkably, the RT under these conditions may increase only slightly or not at all with stimulus uncertainty (Sanders 1967 , Georgopoulos et al 1981 , probably because reactions toward the source of stimulation are fast (Simon 1969) , and because aimed movements are usually highly practiced and possess a high degree of spatial compatibility with the target. Both of the latter factors have been shown to reduce the effect of stimulus uncertainty on choice RT (Mowbray & Rhoades 1959 , Brainard et al 1962 . Therefore, aimed movements seem to be generated very efficiently, as if there were a direct link between the target and the movement directed to it. This link is probably based on the strong similarity between the ways in which the target and the aimed movement are coded spatially, according to theories of stimulus-response compatibility in the spatial domain (Nicoletti et al 1982 , Duncan 1977 , Wallace 1971 .
Another interesting feature in the planning of the aimed movements is that they can be elicited in quick succession as responses to targets changing during the RT, without delays usually observed in other tasks under similar conditions ; that is, without an appreciable psychological refractory period (PRP). The PRP is a delay beyond the normal RT that is observed in the response to the second of two stimuli presented in quick succession. The occurrence of a PRP has been well documented (see Bertelson 1966 for review). The most widely accepted explanation is the single-channel theory, www.annualreviews.org/aronline Annual Reviews which postulates that there exists a gated channel of limited capacity that cannot handle the stimulus-response requirements of both stimuli simultaneously; therefore, the generation of responses to the two stimuli are treated sequentially and without overlap. When the second stimulus is presented during the RT to the first stimulus, this successive processing of information results in a delayed response to the second stimulus (i.e. in addition to its own RT); this additional delay equals approximately RT-ISI (where RT1 is the RT to the first stimulus, and ISI is the interstimulus interval). Indeed, a PRP of the predicted magnitude has been observed in several studies (see Bertelson 1966 for review). However, a PRP is not observed when the required responses are movements of the same band aimed to different targets. This has been documented in experiments involving both monkeys (Georgopoulos et al 1981 (Georgopoulos et al , 1983b ) and human subjects (Soechting & Lacquaniti 1983 . This result probably reflects the highly efficient information processing of aimed movements, an efficiency probably arising from the high spatial stimulusresponse compatibility and extensive practice, as discussed in the preceding paragraph. In fact, it was found that the information transmitted during the second of two aimed movements emitted in quick succession was much more than that of a single aimed movement .
The considerations above refer to the spatial aspects of the aimed movement. A different question concerns the planning of its temporal characteristics and dynamics. For example, the desired total movement time can be specified on behavioral grounds for making a slow, intermediate, or fast movement, in relation, of course, to the accuracy desired. Similarly, other factors will be incorporated to complete the final planning of the movement trajectory; for example, the energy to be spent, the jerk to be avoided, etc. All of these general considerations come under Nelson's (1983) term "performance trade-offs" (see above) and permeate the decision making concerning the dynamic shaping of the trajectory. Given these constraints, the specific dynamics can then be calculated; namely, the torques to be applied to the appropriate joints to generate the desired trajectory of the aimed movement. These torques could be recalculated efficiently using scaling procedures (Hollerbach & Flash 1982) to implement changes in speed for the same trajectory. Finally, the appropriate combination of muscles will be activated in the correct sequence and strength. These processes have been discussed succinctly by Hollerbach (1982) . The possibility has also been discussed that a solution to this problem might be achieved by a process that requires specification of only the endpoint of the movement ; the shortcomings of this idea when applied to multijoint movements have been pointed out (Hollerbach & Flash 1982 , Hollerbach 1982 . www.annualreviews.org/aronline Annual Reviews Hollerbach (1982) considered "a three-level hierarchical movement plan which converts a movement command to muscle activations by first planning the movement at the object level, then translating the object trajectory into coordinated joint movement, and finally converting from joint movement to muscle activations" (Hollerbach 1982, p. 190) . The question then is, at which level is the movement planned? It seems that the answer will depend on the instructions given to the subject and on the particular peripheral motor conditions. Assuming that we are dealing with nonisometric muscle contractions of sufficient strength, there will always be some movement. If now the instruction to a subject is, "extend your elbow," there is no a priori reason to assume planning at the object level; and if, for example, under conditions of biofeedback a subject is instructed to increase the EMG activity of the biceps, the unconstrained forearm will probably move, yet there is no need to assume that that motion was planned at all, although it did occur. If, however, a subject is asked to describe a circle in the air with the index finger, it is reasonable to assume that the trajectory will be planned at the object level, the more so the less familiar the required trajectory will be. Now, since the motion of the hand will be effected by changes in the angles of joints produced by the action of muscles, it is obvious that planning and/or transformations from one level to the other will take place. The real problem is to identify the level at which a neuron or a neuronal population participates in the generation of the movement. The problem is further complicated by the fact that this relation may change as a function of time. For example, the pattern of discharge of a particular cell during the early part of the RT may reflect input from cells operating at a higher hierarchical level, and, conversely, its discharge later on may reflect feedback from a lower level. These are important questions that await rigorous treatment at the theoretical and practical levels.
EFFECTS OF BRAIN LESIONS
Reaching to targets will be adversely affected by general motor disorders that affect the initiation, performance, or braking of the movement. These disorders include, for example, paralysis or paresis, akinesia, hypotonia, ataxia, and others. In some cases it is difficult to distinguish between such a fundamental disorder and a particular defect in aiming. In contrast, the accuracy of reaching can be affected in the presence of normal motor function. This is mostly observed with lesions of the posterior parietal areas of the cerebral cortex. Defects in reaching have been observed both in human subjects and in subhuman primates. Parietal lobe syndromes with misreaching are heterogeneous and comprise, mainly, the syndromes of optic ataxia (Balint 1909 , Hecaen & Ajuriaguerra 1954 , Rondot et al 1977 www.annualreviews.org/aronline Annual Reviews and visual disorientation (Holmes 1918 , Brain 1941 . Misreaching cannot be accounted for by motor disability of the limb or a visual defect. Thus, other movements are performed well, and visual functions in the field where misreaching occurs are carried out normally, despite occasional presence of amblyopia. In cases with visual disorientation there is usually a disturbance of perceived spatial relations regarding the absolute distance of objects from the patient's body, especially in the sagittal plane. In addition, the distance between objects and the motion of objects may be misjudged. Stereopsis is usually intact. Infrequently, a disturbance with orientation in extrapersonal space and route finding may be present. These perceptual disturbances could account for a substantial part of the inaccurate reaching.
Patients with optic ataxia, however, show a severe impairment in visually guided reaching in the absence of perceptual disturbance in estimating distance. In several cases an oculomotor disorder is also present (Balint 1909) , but in others eye movements are normal (Rondot et al 1977) . disorder can be complicated, for it can be localized in homonymou~ halffields or it can affect only one hand (Rondot et al 1977) . Thus, neural mechanisms related to the visual localization of the target or to the guidance of the hand toward the target can apparently be differentially affected. The performance of patients with optic ataxia following unilateral posterior parietal lobe lesions was studied quantitatively by Perenin & Vighetto (1983) in a reaching task similar to that employed by Prablanc al (1979a,b) . The accuracy of pointing (with the head immobilized) normal when concomitant, orienting movements of the eyes as well as view of the moving arm were allowed. Accuracy fell when either of these conditions was not fulfilled, especially when vision of the moving arm was obstructed. Most inaccurate performance was observed when the contralateral hand reached to targets in the contralateral visual field, relative to the side of the cortical lesion.
Misreaching has been observed following lesions of the posterior parietal cortex of monkeys (Ettlinger & Kalsbeck 1962 , Hartje & Ettlinger 1973 , LaMotte & Acuna 1975 , Faugier-Grimaud et al 1978 . Constant errors are usually toward the medial side of the target. Impaired reaching is present in the light or dark, and affects predominantly the contralateral, and to a lesser extent the ipsilateral, hand.
The reaching sequence is composed of an initial, large amplitude movement about the shoulder and elbow joints that brings the hand near the object of interest, and of subsequent, smaller movements about the wrist and finger joints that orient the hand and the fingers and prepare them for touching accurately, grasping, or retrieving the object (see above). These www.annualreviews.org/aronline Annual Reviews two parts seem to be subserved by different neuronal systems : the first by the medial, the second by the lateral system of Kuypers (1964) . This was suggested by the differential effects of lesions interrupting selectively the medial (Lawrence & Kuypers 1968a) or the lateral descending systems (Lawrence & Kuypers 1968b ). It appears that the proximal reaching movement can be controlled effectively by either cerebral hemisphere, but the relatively independent finger movements seem to be controlled predominantly by the contralateral hemisphere. The visual guidance of the latter, distal movements seems to depend on intrahemispheric pathways arising probably in the occipital lobe (Haaxma & Kuypers 1975) . It noteworthy that patients with optic ataxia show a disturbance in the visual guidance of both proximal and distal movements associated with reaching (Perenin & Vighetto 1983) .
NEURONAL RECORDING STUDIES Mountcastle et al (1975) described a class of cells found in the posterior parietal cortex (areas 5 and 7) of the behaving monkey that were activated only with active projection of the arm in extrapersonal space ("reaching neurons"). These neurons were subsequently found to be activated with reaching in complete darkness (Mountcastle et al 1980) . Classes of neurons with a rich variety of functional response properties, however, have been observed in area 7 of the monkey cortex, including neurons with responses to stationary or moving visual stimuli (see Lynch 1980 for a review), to the fixation of gaze in 3-D space (Sakata et al 1980) , and to the attentional state (Mountcastle et al 1984) . How these neuronal subsets interact and ultimately contribute to the successful reaching remains to be elucidated. Murphy et al (1982) recorded the activity of cells in the motor cortex during forward reaching by monkeys. Intracortical microstimulation at the site of single cell recording produced, for every, cell studied, a simple joint rotation. There were three salient findings of this study, among others. First, no simple relation was observed between the single cell activity and the EMG, even when the muscles from which the EMG was recorded were activated by the microstimulation. Second, single cells related _to motion about the shoulder or elbow joints behaved similarly in the task, although the motions about these joints were produced quite differently. Finally, the discharge of shoulder-related cells varied systematically with the movement trajectory. These workers concluded that "the production of any movement, however complex or discrete it may seem peripherally, engages a complex population of precentral neurons, such that any one neuron may behave similarly for overtly different movements" (Murphy et al 1982, p. www.annualreviews.org/aronline Annual Reviews 144). It seems, then, that the unique trajectory of the movement might be represented at the level of the neuronal population and not of the single neuron.
This problem was investigated by Georgopoulos et al (1982 Georgopoulos et al ( , 1983a , who studied neuronal discharge in relation to the direction of 2-D aimed movements in the motor and posterior parietal (area 5) cortex (Kalaska et 1983) of behaving monkeys. The discharge of single cells was broadly tuned to the direction of the 2-D movement, frequently in a sinusoidal fashion. We have recently extended these studies in 3-D space and observed that the discharge of motor cortical cells is indeed tuned to the 3-D movement direction (A. B. Schwartz, R. Kettner, and A. P. Georgopoulos, unpublished) . An example is shown in Figure 5 . Monkeys made movements (1-8, Figure 5 , top) from the center to the corners of a 15 cm edge cube. The center of the cube was in the middle, straight ahead, at shoulder level, and at a distance of 22 cm from the animal's body. Impulse activity of a motor cortical cell whose activity varied in an orderly fashion with movement direction is shown in the middle of Figure 5 ; the cell's preferred direction is plotted on the bottom.
Although motor cortical cells possess a preferred direction, their broad tuning suggests that the coding of movement direction may be, instead, a function of a neuronal population. Indeed, this was found to be the case, given certain assumptions ("vector hypothesis, " Georgopoulos et al 1983a " Georgopoulos et al , 1984 . Briefly, the relations between the direction of movement and the population discharge were formulated within a spatial vector context, in which a population "vector" is derived on the basis of the preferred direction and the change in activity of individual constituent cells. Experimental results showed a good correspondence between the direction of the population vector and the direction of the upcoming movement (Georgopoulos et al 1983a (Georgopoulos et al , 1984 . Now that the directional tuning can generalized to the 3-D case (see above), it will be interesting to test the hypothesis under these general conditions.
The discussion above referred to the neural coding of spatial attributes of the aimed movement. Unfortunately, we lack knowledge of how more abstract characteristics of the aimed movement, e.g. its accuracy, are represented in the brain, and the same is true for its visual guidance. It is remarkable, however, that studies in brain areas related to motor control of the arm have not revealed invariances relating to the endpoint of the aimed movement; instead, a clear relationship to movement parameters (direction and amplitude) has been observed , 1983c , Kalaska et al 1983 . Indeed, when monkeys made movements from several points on a circle to the same final endpoint, neuronal discharge in the motor and parietal cortex was related to the movement direction but not to www.annualreviews.org/aronline Annual Reviews the final position of the hand . These results indicate that, if the endpoint control hypothesis (Polit & Bizzi 1979 ) is true, the motor and parietal areas studied are involved after the process that specifies the endpoint.
The neuronal events subserving the aimed movement at the level of the spinal cord are largely unknown. Ultimately, of course, the appropriate motoneuronal pools will be excited and/or inhibited to implement the reaching movement. These pools could be addressed directly at their segments by supraspinal signals, but the possibility exists that this action is indirect, via propriospinal neuronal networks. In fact, a series of studies by Lundberg and his colleagues in the cat have shown that this may be the case. A population of propriospinal neurons at the C3-C4 level has been identified that receives monosynaptic, convergent input from almost all the major descending motor tracts (cortico-, rubro-, tecto, reticulospinal tracts) and, in turn, excites monosynaptically or inhibits disynaptically motoneurons innervating forelimb muscles (Illert et al 1978) . Surgical interruption of the p~ojection from these propriospinal neurons to the segmental forelimb pools resulted in a severe impairment of reaching but not of grasping (Alstermark et al 1981) . These workers suggested that "the precise aiming in the normal target-reaching movement depends exclusively or very largely on the C3-C4 propriospinal neurons and that the segmental neuronal circuitry alone cannot appropriately substitute for them" (Alstermark et al 1981, p. 315) . The findings about this propriospinal system indicate that it may subserve the synergistic activation of the motoneuronal pools involved in reaching. Moreover, the rich convergence on these neurons suggests that several supraspinal systems possess a direct access to the reaching synergy for its on-line modification, if needed, according to changes in the environment or in the behavioral goal.
CONCLUDING REMARKS
The temporal patterns of activity in the muscle populations subserving aimed movements reflect spatiotemporal patterns of activity within the motoneuronal pools innervating those muscles, and these, in turn, are the result of more central influences. What picture, then, might one expect to encounter under these conditions at levels of the central nervous system (CNS) successively more remote from the muscles and their motoneuronal pools and progressively closer to the sensory system in which the target was presented? The answer to this question depends upon the theoretical formulation of the problem (that is, of what was termed "picture" above) and upon the underlying hypotheses concerning the CNS processes that lead ultimately to the patterned activation at the spinal cord level.
www.annualreviews.org/aronline Annual Reviews However, some general statements can be made. First, these processes involve populations of neurons that may ultimately exert their action either on motoneuronal pools at the segmental level or on integrative propriospinal systems. And second, they proceed in parallel in separate structures. Both of these statements are supported by studies of the single cell activity in several brain areas during motor performance by monkeys. Thus, it has been shown that participation of a structure in the control of movement involves the activation of a population of cells; and that changes in neuronal activity occur in overlapping times in different structures (see, for example, Georgopoulos et al 1983c , Kalaska et al 1983 , Thach 1978 .
It is important to realize that the information processing relating to aimed movements, and also to other movements, is performed by neuronal ensembles and that this processing can be properly understood only at the population level. The relationship between the ensemble activated and the movement would be reflected both in the time course of changes in activity of individual neurons as well as in the relative timing of these changes among the constituent neurons of the ensemble. The latter cannot be derived from one-at-a-time recordings of single cell activity. In any case, assuming that the determination of activity in neuronal ensembles is feasible, the crucial problem is to define and measure the information processing involved. This remains one of the most fundamental and urgent problems of modern CNS neurophysiology. It should be noted in this context that active neuronal ensembles are not homogeneous, for they are commonly composed of cells possessing different attributes. This differentiation may be important in understanding the function of a structure. A common approach has been the parcellation of the population into subsets of ceils with similar functional properties. Another pervasive principle is based on the origin of the anatomical input and the destination of the output of cells in a population. Since the information processing in a subset can be thought of as a recoding of the input into the output, knowledge of the anatomical connectivity could give valuable clues regarding this recoding operation. Let us assume then, for the sake of argument, that not only can we decipher the operations of a given neuronal subset but, even more importantly, we can understand the rules of communication between subsets belonging to different structures. This would lead to the identification and functional characterization of a distributed system (Mountcastle 1978) and its contribution to the control of a given function--in this case, of the aimed movement.
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